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ABSTRACT 
MONOPILE FOUNDATION OFFSHORE WIND TURBINE SIMULATION AND 
RETROFITTING 
WILLIAM A. SCHAFFER 
2017 
Offshore wind turbines (OWT) provide a renewable source of energy with great 
proximity to many large cities. This has caused a major increase in OWT development and 
implementation, primarily in Europe, but spreading throughout the world. There are a 
multitude of different foundation options, each with their own benefits. The most common 
types are: monopile, jacket, TLP, Semi-Submersible, and SPAR. The monopile foundation 
OWT has been proven to be the most economic selection for water depths up to 
approximately 25m. 
This thesis has analyzed strictly monopile foundations due to their previous success 
and popularity. Three different chapters have been created to cover the two different 
research papers contained in this thesis. Chapter one utilizes the software ANSYS to 
complete a multi-hazard computational fluid dynamic (CFD) analysis of a monopile 
foundation OWT. A dynamic analysis was performed on the structure, with a p-y curve 
soil-structure interaction implemented. Chapter two aims to verify the plausibility of a 
retrofit solution to a significant problem certain previously installed monopiles have 
developed. The annulus grout of the transition zone of the structure has been determined 
to be under-designed, and thus has experienced crushing. This allows the tower to slightly 
slide down the monopile, increasing the chances of total structural failure. A retrofit bolted 
connected has been implemented, and proven to significantly increase the limiting shear 
vi 
 
 
 
capacity of the structure. The research paper in chapter three is focused on developing the 
retrofit solution into a more applicable design. Using a response surface methodology 
(RSM) an optimized design criteria has been generated based on six geometric/material 
parameters of the bolted connection: horizontal spacing, vertical spacing, bolt diameter, 
number of bolts in vertical columns, pre-tensioning load on bolt, and modulus of elasticity.  
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Chapter 1: Multihazard Computational Fluid Dynamic Simulation and 
Soil-Structure Interaction of Monopile Offshore Wind Turbines 
 
 
 
Abstract 
The multihazard simulation of monopile wind turbines can be a complicated 
process; thus assumptions that simplify this process are often implemented.  A common 
practice seen in these simulations is to apply the wind and wave loads with simplified soil 
models using a numerically calculated vertical, horizontal and/or moment value at a set 
height above the sea level, which may not always capture in-situ conditions.  To tackle the 
challenges of realistic multi-hazard simulations in conjunction with soil-interaction, this 
study implements Finite Element Model (FEM)-enabled computational fluid dynamic 
(CFD) analysis to enable wind and wave time-history analysis with multiple force-induced 
soil-structure-interaction.  The soil-structure interaction of steel monopile supported 5 MW 
wind turbine has been simulated with two common and applicable soil profiles (i.e. 
heterogeneous sand and clay and sand mixture).  Lateral soil springs were used according 
to the American Petroleum Institute (API) Code for p-y curves, while vertical soil springs 
were generated according to the t-z and q-z API standards.  A modal analysis was 
performed to verify the joint CFD-FEM exhibited a fundamental frequency in the desired 
range.  A verification of the load applications was completed for maximum force and 
moment under specific wind and wave loading parameters.  Deflection results were 
generated and compared with reliable results published in past studies.  Results reveal that 
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a variation in wind speed has a higher impact on soil structure interaction causing a larger 
deflection than a variance in the significant wave height.  It is also evident that the 
heterogeneous sand profile has a high enough stiffness to cause fatigue damage during 
extreme multi-hazard loading. It is anticipated that this proposed modeling technique will 
provide a basis for more accurate application of multi-wind-wave simulations coupled with 
soil-monopile-interaction. 
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1.1. Introduction  
The monopile foundation is one of the most common choices for offshore wind turbines 
(OWT)s in shallow water of 35 m or less due to its simplicity and economical design 
(Andersen et al. 2012; Bisoi and Haldar 2014).  A balance between self-weight and 
stiffness must be attained to achieve an economical monopile foundation design as these 
are the two factors affecting the wind turbine frequency. To properly analyze the frequency 
of the wind turbine, a multihazard analysis of the monopile with wind turbine structural 
components above sea level referred to as superstructure must be performed. One 
significant factor affecting the response of the system is the soil-structure interaction (Bisoi 
and Haldar 2014).  Many studies (Achmus et al. 2009; Bush and Manuel 2009; LeBlanc 
2009) focus on the soil-structure interaction yet neglect the superstructure part in the 
multihazard simulation due to the large scope of work required to include all parts of the 
system.  Considering the superstructure during analysis is essential for a complete and 
accurate analysis (Bisoi and Haldar 2014). 
To accurately simulate the complex OWT subjected to wind and wave loads, some 
assumptions must be made, yet these assumptions must not compromise the quality of the 
results. A common practice, when simulating wave loads on OWTs, is to use the Morison 
Equation (Abhinav and Saha 2015; Achmus and Abdel-Rahman 2005; Bisoi and Haldar 
2014; Jara 2009).  The Morison Equation evaluates the force acting on a small section of 
the cylinder, and then through integration, determines the total force experienced. This total 
force is then applied to the structure at a single point on the tower.  The same method is 
carried out by the wind force acting on the structure. A numerically calculated value of the 
force is applied to the structure at a single point. Again, the approach for simplified wind-
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and-wave simulation has not fully taken into account the challenges of realistic multi-
hazard simulations in conjunction with soil-monopile-interaction in time. 
To capture the more reliable response of a monopile foundation OWT to multiple wind 
and wave loading scenarios, the entire system must be simultaneously considered during 
multi-hazard analyses over time.  Hence, this study implements Finite Element Model 
(FEM)-enabled computational fluid dynamic (CFD) analysis to enable wind and wave 
time-history analysis to account for the time evolution of wind and wave forces induced 
soil-structure-interaction. This paper is broken into five sections that extensively cover the 
study performed.  Section 2 provides a background of past studies performed.  Section 3 
covers the modelling and simulation approach used for the monopile foundation OWT and 
its application to the 5 MW NREL OWT chosen for this study that is devoted to defining 
the structural properties and dimensions and the specific modeling application as well as 
the modelling verification.  Section 4 is dedicated to covering the parametric simulation 
results and discussion with variability in soil characteristics.  Section 5 defines the 
culmination of the results and details future work to be performed. 
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1.2.Background  
To fully understand the study being performed a brief overview of the general 
simulation procedures must be covered.  This includes the effect of natural frequency, soil-
structure interaction, fatigue life and multi-hazard loading conditions. 
2.1 Effect of Natural Frequency 
A monopile foundation made of structural steel, as opposed to a material like 
concrete, is driven by the entire structural systems natural frequency rather than strength 
and serviceability (AlHamaydeh and Hussain, 2011). The natural frequency of the system 
must not coincide with the excitation frequencies, or an amplified dynamic response of the 
system will occur. This amplification causes the system to reach the fatigue limit state and 
cause large amounts of fatigue damage (Andersen et al., 2012; Bisoi and Haldar, 2014).  
Verification of the natural frequency of the system is essential before considering the 
effects of loading.  These excitation frequencies are due to wind and wave loading, as well 
as the rotation of the rotor (1P for a frequency of the rotor) and due to the blades passing 
the tower (3P for a three-bladed wind turbine) LeBlanc (2009).  To separate the natural 
frequency of the system from the excitation frequencies, the range of the excitation 
frequencies must be identified.  The 1P excitation frequency due to the rotation of the rotor 
is dependent on the speed at which it rotates.  For a rotational speed of 10-20 revolutions 
per minute, the frequency range would be 0.17-0.33 Hz.  The 3P, or blade passing 
frequency, is also dependent on the rotational speed, and corresponds to a frequency of 0.5-
1.0 Hz, at 10-20 revolutions per minute.  The excitation frequency of waves in an extreme 
state falls in the range of 0.07-0.14 Hz, while the wind falls below 0.1 Hz. 
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When designing the OWT around the excitation frequencies, there are three 
options: 1) Soft-soft, 2) Soft-stiff, and 3) Stiff-stiff approach.  The first approach falls 
below the 1P excitation frequency.  This approach is not feasible with how small the current 
turbine sizes are, however the turbine sizes have been increasing dramatically over recent 
years.  When the size of the turbine is increased, the rotational frequency and first natural 
frequency are decreased, lowering the 1P and 3P frequencies, and making the first approach 
possible in the future.  The second approach is located between the 1P and 3P frequencies. 
This area does not experience excitation from wind or waves, and therefore is most 
commonly designed at.  The third approach is above the 3P frequency, but requires a large 
amount of steel, decreasing its cost effectiveness (Damgaard et al. 2014). 
1.2.2 Effect of Fatigue Life 
Fatigue damage is accrued through continuous cyclic loading and is a function of 
the magnitude of stress fluctuation, geometric parameters and loading conditions.  
Structures are designed to reach their fatigue life which ranges from 107 to 108 for OWTs 
(Bisoi and Haldar 2015).  Studies often use an S-N diagram (stress versus a number of 
cycles) to view the fatigue life at varying levels of stress for different materials.  These 
curves can be helpful in determining the approximate fatigue life of a structure but 
geometry and loading conditions can have a crucial impact if not properly designed for 
with enough material support. 
1.2.3 Effect of Soil-Structure Interaction 
The response of the structure is largely affected by the soil-structure interaction, 
and as previously discussed, the response of the structure has a critical effect on the fatigue 
life of the OWT (Bisoi and Haldar, 2014).  Soil-structure interaction has a vast impact on 
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design considerations, making it a large focus of numerous studies (Abhinav and Saha 
2015; AlHamaydeh and Hussain 2011; Bazeos et al. 2002; Bhattacharya and Adhikari 
2011; Bisoi and Haldar 2014; Bisoi and Haldar 2015; Bush and Manuel 2009; Byrne and 
Houlsby 2003; Carswell et al. 2015; Damgaard et al. 2014; Fitzgerald and Basu 2016; 
Häfele et al. 2016; Harte et al. 2012; Iliopoulos et al. 2016; Jara 2009; Jung et al. 2015; 
Kausel 2010; Li et al. 2010; Prendergast and Gavin 2016; Zaaijer 2006).  These studies use 
a variety of techniques to model the foundation, including distributed springs, fixity length, 
stiffness matrix, uncoupled springs and finite element modelling.   
One of the most widely used methods is the distributed spring model following a 
p-y curve approach.  A p-y approach does not mean that just p-y curves are implemented. 
Vertical t-z and q-z curves are also used to simulate the vertical resistance of the soil on 
the pile. The vertical t-z curves are placed at the same height and interval as the p-y curves 
but are used to simulate the skin friction between the pile and soil. The q-z curve is placed 
at the bottom of the pile, in the vertical direction, and simulates the end bearing capacity.  
The z and y values in the curves are simply the related deflections. All three of these curves 
can be generated using API code guidelines for typical sands and clays at varying densities 
and stiffnesses.  A second commonly used method is finite element modeling.  This 
approach is increasingly popular and often verified against the more common p-y 
distributed springs model.  The major advantage finite element modeling has over the 
distributed springs model is the ability to simulate the presence of a gap between the soil 
and the pile, as what would actually happen when the pile is subjected to constant cyclic 
loading. 
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1.2.4 Effect of Multi-Hazard Loading Scenarios 
The effect of wind and wave loading on a monopile foundation structure can be 
extremely critical, and therefore, must be accounted for in the most accurate way possible.  
A highly implemented application of wave loading on slender structures, like that of a 
monopile, is developed using Morison’s equation (Abhinav and Saha 2015; Bisoi and 
Haldar 2014; Bisoi and Haldar 2015; Oh et al. 2013).  The calculated force is then applied 
to the structure at a single point (usually mean sea level).  This applied force can be 
fluctuated to apply a cyclic loading case, or simply applied as a static load for lateral soil 
response analysis. 
Wind load application for OWTs most often implements some form of the blade 
element momentum theory (BEM) (Abhinav and Saha 2015; Harte et al. 2012; Jung et al. 
2015).  BEM theory is derived from the blade element theory and the momentum theory.  
The blade element theory analyzes a system in terms of small independent elements, while 
the momentum theory assumes the blade elements passing through the rotor plane lose 
energy from the work performed (Moriarty et al. 2005).  This calculated force is then 
applied in the same manner that the previously discussed wave load, at a single point in a 
cyclic or static loading case. 
A more simplified method has been implemented by a few studies involving cyclic 
load analysis.  These studies estimated an overall value for the lateral and vertical load 
applied at a selected distance above the mudline (Achmus et al. 2009; Depina et al. 2015). 
This method does not account for any part of the superstructure during soil-structure 
analysis.  The only focus is the effect of cyclic loading on the soil-structure.   
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1.2.5 Monopile OWT Case Studies 
Many studies have been conducted to analyze the monopile foundation.  Jung et al. 
(2015) used the 5 MW reference wind turbine with two different soil profiles to analyze 
the natural frequency of the system, the maximum applied forces, and the pile head 
rotation.  Bisoi and Haldar (2014) conducted a comprehensive dynamic analysis of an 
OWT in clay.  The work they performed consisted of the most up-to-date practices and was 
extensively verified.  Abhinav and Saha (2015) analyzed the dynamic behavior of the 
NREL 5 MW OWT embedded in three different clay soil profiles.  Myers et al. (2015) 
performed a numerical study on the strength, stiffness and resonance of the NREL 5 MW 
OWT and found that strength requirements controlled design in four of the six cases 
investigated, while the other two were controlled by stiffness.  Prendergast and Gavin 
(2016) modelled a number of subgrade reactions and compared these models to a field 
investigation they performed.  Their primary focus was to estimate the frequency response 
and damping ratios for the small-strain (elastic) response of a soil-pile system.  Andersen 
et al. (2012) generated a simple model for a monopile OWT, focused on analyzing the first 
natural frequency of the system.  Damgaard et al. (2014) performed a dynamic analysis on 
the 5 MW NREL OWT to investigate the natural vibration characteristics and dynamic 
response in the time domain.  Bhattacharya and Adhikari (2011) performed an 
experimental study to determine the first natural frequency of the system.  Their results 
were then compared to finite element results and analytical results exhibited slight 
deviations.  Zaaijer (2006) simulated multiple different foundation models with the aim of 
simplifying the dynamic model of the foundation.  The results were then compared to 
experimental data for verification purposes.  
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1.2.6 Summary 
The review of previous research revealed that: (1) the dynamic consideration of 
wind and wave loading significantly increases the tower and monopile responses; thus, 
non-consideration of dynamic effect leads to unsafe design especially in case of accidental 
resonance; (2) incorporation of soil nonlinearity has an important effect on the response of 
the tower and monopile. Effect of soil nonlinearity is less in case of low wind speed, but 
tower and monopile responses increase substantially under extreme wind event; (3) the 
cyclic p-y curve significantly increases the monopile head deflection and slightly affects 
tower response; and (4) soil stiffness is the determining factor in the performance of OWTs 
in clayey soils; thus, such stiffness can notably increase time-period of vibration, and shifts 
natural frequency of the OWT to the resonant region. Soft clays were found to produce 
excessive motions that transcend the serviceability limit state, leading to failure. Stiff clays, 
on the other hand, produced relatively constant response with varying pile depth and 
diameter.  
To achieve the research objective of present work, considering the mentioned results, 
a coupled aero-hydrodynamic analysis was performed on three-dimensional steel monopile 
with 5 MW wind turbine under severe wind and wave conditions using an accurate coupled 
CFD-FEM method. Soil-structure interaction was also investigated considering nonlinear 
characteristics of two common soil profiles based on API code for vertical and lateral soil 
springs.  
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1.3.Monopile Wind Turbine Modelling and Simulation 
This section deals with the overview of FEM simulation approach specific to the 
National Renewable Energy Laboratory (NREL) 5MW OWT supported by a monopile 
foundation. An overview of the geometry and materials is provided along with an in-depth 
discussion of the modeling techniques implemented, including the overall modeling of the 
structure, the monopile foundation, and the wind and wave load application along with 
model verification. 
1.3.1 NREL 5 MW OWT FEM Modelling 
Because the NREL 5 MW OWT with publicly available specifications and a 
number of verifiable studies has served as the basis for the design and comparison 
purposes, the OWT was selected for this study. The relevant specifications (Jonkman 2007) 
and past studies (Jung et al. 2015) were compiled to model the selected OWT.  The gross 
properties for the OWT and the comparable properties used for the model generation are 
presented in Table 1.  It should be noted that these properties are for the entire turbine 
consisting of a tower, nacelle, and rotor, not considering the foundation that is discussed in 
the next section.  A structural steel that is commonly used was used as the only material 
for the entire OWT having material properties listed in Table 1. 
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Table 1. Comparison of Properties of the NREL 5-MW Baseline Wind Turbine and the 
Model used in this Study 
Properties NREL 5 MW OWT Model in this Study 
Rating 5 MW 5 MW 
Rotor Orientation, 
Configuration 
Upwind, 3 Blades Upwind, 3 Blades 
Rotor, Hub Diameter 126 m, 3 m 126 m, 3m 
Hub Height 90 m 90 m 
Cut-In, Rated, Cut-Out 
Wind Speed 
3 m/s, 11.4 m/s, 25 m/s 3 m/s, 11.4 m/s, 25 m/s 
Cut-In, Rated Rotor 
Speed 
6.9 rpm, 12.1 rpm 6.9 rpm, 12.1 rpm 
Rated Tip Speed 80 m/s 80 m/s 
Rotor Mass 110,000 kg 110,000 kg 
Nacelle Mass 240,000 kg 240,000 kg 
Tower Mass 347,460 kg 347,460 kg 
Tensile Yield Strength - 2.5x108 Pa 
Compressive Yield 
Strength 
- 2.5x108 Pa 
Tensile Ultimate 
Strength 
- 4.6x108 Pa 
Young’s Modulus - 2.0x1011 Pa 
Poisson’s Ratio - 0.3 
Bulk Modulus - 1.67x1011 Pa 
Note: - means not available.   
 
The FEM model was generated using ANSYS software (ANSYS/ED. 1997). using 
shell elements with a constant thickness of 0.06 m. Shell elements are the most appropriate 
element type for a thin walled structure like the monopile. A constant thickness was chosen 
to simplify the meshing so more efficient to capture time evolution of reliable results could 
be determined.  This would, of course, alter the mass of the system and produce inaccurate 
stiffness results if left as-is, so modifications were made.  The density of a material is 
simply a ratio of mass per volume, (
kg
𝑚3
), so by varying this parameter a desired mass was 
achieved for two different sections of the structure.  These two different sections consist of 
the rotor (three blades and hub) and the nacelle and tower together.  The density of the 
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structural steel used in each of these sections is defined in Table 2 along with the monopile 
and tower dimensions.   
Table 2. Monopile and Tower Characteristics and Properties 
Parameters Values 
Water Depth, Hw 20 m 
Embedded Depth for Soil Profile 1 and 2, He 36 m and 40 m 
Monopile Diameter 6 m 
Monopile and Tower Thickness 0.06 m 
Tower Height, Ht 87.6 m 
Top of Tower Diameter 3.87 m 
Bottom of Tower Diameter 6 m 
Density of Monopile 7,850 kg/m3 
Density of Tower and Nacelle 4,855 kg/m3 
Density of Rotor 1,359 kg/m3 
Volume of Tower and Nacelle 121 m3 
Volume of Rotor 80.9 m3 
 
 
1.3.2 Soil-Monopile-Interaction Modeling  
The OWT implements two different monopile foundations embedded in two 
different soil profiles: a heterogeneous sand material and a clay and sand mixture.  Due to 
a lack of site-specific soil boring data, assumed soil profiles were generated based on a 
similar study (Jung et al. 2015) for verification purposes that will be discussed later and 
are shown in Fig. 1.  The soil profiles were modelled using horizontal and vertical nonlinear 
springs available in ANSYS software.  The nonlinear springs were input with tabulated 
values that were generated following the American Petroleum Institute (API) code p-y, t-z 
and q-z curves.  The p-y and t-z curves were generated for every 1 m of embedded depth 
down the monopile, while a single q-z curve was for the base or toe of the monopile. The 
spacing of 1 m was chosen based on the findings of previous work Bisoi and Haldar (2014). 
The horizontal springs use a p-y curve to represent the lateral resistance and are generated 
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for a specific soil type, (sand/clay; dense/loose; saturated/unsaturated).  The vertical 
springs use a t-z curve (along the entire length of the embedded pile) and q-z (at the base 
of the pile) curve to represent the pile shaft and end-bearing resistance (API 2000).  The p-
y, t-z and q-z curves were generated according to API standards in the software OPILE 
(Cathie 2006).  This software requires the input parameters listed in Table 3 to generate all 
the curves needed to represent the two different soil profiles.  A sample of each of the three 
different curves was generated for a clay and sand material shown in Fig. 2. 
Equations 1, 2 and 3 are provided by the API for calculating p-y curves.  Equations 
1 and 2 are used to calculate the ultimate resistance for use in equation 3.  The smaller 
value of equation 1 and 2 governs and in this case was always equation 1 for a shallow pile. 
These equations can be found in the OPILE reference manual as well as the API 
recommended code.  The t-z and q-z curves are generated based on the API defined 
relationship curves for medium, dense and very dense sand.  The values listed in Table 3 
correspond to these sands defined by the API code.  These equations were used to check 
the accuracy of the OPILE software, and the curves were found to be exactly correct.  The 
software was used to eliminate any possible calculation errors and to efficiently generate 
the necessary curves for various soil profiles. 
 
𝑝𝑢𝑠 = (𝐶1 ∗ 𝐻 + 𝐶2 ∗ 𝐷) ∗ 𝛾 ∗ 𝐻               (1) 
 
𝑝𝑢𝑑 = 𝐶3 ∗ 𝐷 ∗ 𝛾 ∗ 𝐻                         (2)                      
                     
where:  
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 𝑝𝑢𝑠 = ultimate resistance (shallow)  
 𝑝𝑢𝑑 = ultimate resistance (deep)  
 γ   = effective soil weight 
 H = depth 
𝐶1, 𝐶2, 𝐶3 = Coefficients determined from Figure 6.8.6-1 in the API code (API 
2000) 
 D = average pile diameter from surface to depth 
𝑃 = 𝐴 ∗ 𝑝𝑢 ∗ tanh (
𝑘∗𝐻
𝐴∗𝑝𝑢
∗ 𝑦 ∗ 𝐻)                                (3) 
Where: 
 A = factor to account for cyclic or static loading condition. 
  A = 0.9 (Cyclic loading) 
  𝐴 = (3.0 − 0.8
𝐻
𝐷
) ≥ 0.9 (Static loading) 
 𝑝𝑢 = ultimate resistance 
 
(a) 
 
(b) 
Fig. 1. Soil Profiles (a) heterogeneous sand defined by Table 3 and (b) clay and sand 
mixture defined by Table 3. 
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(a) 
 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Fig. 2. Sample input curves for nonlinear soil springs: (a) t-z curve for clay (b) q-z curve 
for clay (c) p-y curve for clay (d) t-z curve for sand (e) q-z curve for sand and (f) p-y curve 
for sand. 
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Table 3. Soil Properties for Two Different Profiles (API 2000; Jung et al. 2015) 
Properties Sand 
1 
Sand 
2 
Sand 3 Clay 
1 
Clay 2 Clay 3 
Effective Unit Weight 
(kN/m3) 
10 10 10 10 10 10 
Phi (Degrees) 33 35 38.5 - - - 
Initial Stiffness (kPa/m) 16,287 24,430 35,288 - - - 
API Delta (Degrees) 25 30 35 - - - 
𝑵𝒒 (Unitless) 20 40 50 - - - 
Max Skin Friction (kPa) 81.3 95.7 114.8 - - - 
Max End Bearing (kPa) 4800 9600 12000 - - - 
Undrainded Shear Strength 
(kPa) 
- - - 22 
22 to 
40.3 
40.3 to 
74.58 
Empirical Constant, J - - - 0.5 0.5 0.5 
Strain, ɛ𝟓𝟎 - - - 0.02 0.01 0.007 
Note: - means not available.   
 
1.3.3 Wind and Wave Load Simulations 
The wave load was applied using the fluid flow analysis system called FLUENT in 
ANSYS. Two different waves were applied to the model: the first one was generated using 
data specific to a site near Baltimore, Maryland and the second using data from a previous 
study for verification Jung et al. (2015).  The specific Baltimore location was selected 
because of its realistic wave load applications within research team’s geographical 
proximity and the OWT implementation possibility for further research. Site specific 
information was obtained from the National Data Buoy Center (NDBC) website for station 
44009 in the Deleware Bay along with a wavelength matching a similar study (Kalvig 
2014).  A historic wave height of 8m and a wave period of approximately 6.67 seconds 
was used with an assumed wavelength of 70 m corresponding to a wave speed of 10.5 m/s.  
The input parameters in FLUENT are wave height, wavelength, and wave speed (10.5 m/s).  
The second wave was generated with a 5 m wave height and a 6.67 s wave period.  The 
same wave speed and wavelength, 10.5 m/s and 70 m were used.  These waves were input 
with a constant water level of 20 m.  The simulation was run at 0.01s intervals for 775 time 
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steps, to simulate a single wave impacting the OWT.  A maximum of 50 iterations per time 
step was implemented to ensure convergence of every time step, and this was achieved. 
The imported pressure from the CFD simulation was applied to the geometry of the 
corresponding wind turbine tower in a one-way fluid-solid-interface (FSI) system. 
The wind simulation was completed using the fluid flow analysis system referred 
to as CFX of ANSYS.  The velocity boundary condition was varied three different times 
with 12 m/s, 18 m/s and 25 m/s.  The one-way FSI was applied to the system using pressure 
vectors for both the wind and wave forces, however only a lateral response of the soil was 
necessary for the scope of this study.  Fig. 3. shows the general schematic for the simulation 
and how the wind and wave forces were applied to the structure.  The direction the forces 
are traveling is in the negative y-direction.  The positive z-direction is pointing straight up 
and then the positive x-direction is pointing into the paper.  To remove all tangential forces 
(x-direction) a frictionless support was attached to the structure in the y-z plane.  This was 
done by cutting the geometry along the y-z plane to provide a perfectly flat surface for the 
support.  This did not affect the frequency of the structure in the fare-aft mode, however, 
the side-to-side mode was obviously eliminated by the support.  The purpose of this support 
was to reduce the computational requirements of the soil-structure modeling.   
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Fig. 3. Schematic diagram for substructure and superstructure with applied loading and 
soil model 
 
1.3.4 Model Verification 
A modal frequency analysis was initially performed to verify the model that was 
accurately generated to resemble the NREL 5 MW OWT.  A previously verified study was 
compared for three different support conditions.  The first condition is with a fixed base at 
the bottom of the monopile (36 m embedded depth).  The results are compared to the 
previous study and both are listed in Table 4; this shows a 0.4% error in the side-to-side 
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direction and a 0.0% error in the fore-aft direction.  The nonlinear soil springs are not 
allowed as a support when performing a modal analysis, so a static structural analysis was 
first performed and then the modal analysis.  Multiple loading cases were implemented in 
this study and the frequency did not vary more than 0.1% so an average value was taken 
and compared in Table 4.  The first soil profile yielded an error of 4.1% while the second 
soil profile yielded an error of 10.6%.  These values agree very well with those of the other 
study, especially considering the application method in ANSYS through static structural 
and then into a modal analysis. 
0.273 Hz 
 
(a) 
0.276 Hz 
 
(b) 
Fig. 4. Fundermental Modal Natural Frequencies: (a) side-to-side mode (b) fore-aft mode 
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Table 4. Fundemental natural frequencies of model 
 Side-to-side Fore-aft Percent Error 
Jung et al. (2015)  (Fixed Base) 0.274 Hz 0.276 Hz - 
Jung et al. (2015)  (FEM-Soil_1) - 0.241 Hz - 
Jung et al. (2015)  (FEM-Soil_2) - 0.235 Hz - 
This work (Fixed Base) 0.273 Hz 0.276 Hz 
0.4%   and  
0.0% 
This work (FEM-Soil_1) - 0.231 Hz 4.1% 
This work (FEM-Soil_2) - 0.210 Hz 10.6 % 
Note: - means not available.   
 
 
1.4.Results and Discussion 
This section presents and interprets the data collected from the generated and verified 
OWT model subjected to multiple wind and wave loading scenarios. The results and 
discussion from the multihazard study are focused on the structural response, soil-monopile 
structure interaction, and fatigue life and each of them is detailed in the next subsections. 
1.4.1 Structural Response 
Two different soil profiles were considered with six different parametric analysis 
for each.  The wind speed was varied for three different conditions: 12 m/s, 18 m/s and 25 
m/s and the significant wave height was varied for two different conditions: 5 m and 8 m. 
Specifically, a wind speed of 25 m/s with a significant wave height of 8 m considered as 
the most critical multi-hazard loading case was used to generate a time history response for 
one cycle of the loading which is a 6 second time simulation. Deflections of tower, blade, 
and monopile of the OWT system loaded with the considered loading scenario were 
captured during a time history analysis. Fig. 5. (a) show the time history response of each 
structural component for the heterogeneous sand soil profile.  The monopile experiences 
foundation support from the soil; thus, has a very small response compared to the rest of 
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the system. To properly show the response of the monopile a second image was generated 
consisting only of the monopile in Fig. 5(b).  Fig. 5 (c) was generated with the same 
extreme loading conditions but with the clay and sand mixture soil profile.  Soil profile two 
has a much lower stiffness; thus, the response of the system is much larger when comparing 
to the heterogeneous sand one.  Again the monopile from the time history response with 
soil profile two was isolated in Fig. 5(d). It appears that the monopile response is much less 
than those of the blade and tower because of the contribution of soil stiffness to the system. 
A similar trend was observed with different loading conditions, although the response is 
lesser than that from the most extreme condition. 
 
 
(a) 
 
(b) 
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(c) (d) 
Fig. 5. Response of superstructure under extreme time history loading conditions: (a) 
deflection versus time for monopile, tower and blades with the heterogeneous sand soils, 
(b) isolated monopile results from (a), (c) deflection versus time for monopile, tower and 
blades with the clay and sand mixture soils and (d) isolated monopile results from (c). 
A series of snapshots were taken of each time history analysis to show the overall 
structural behavior of the OWT over time under multiple wind and wave loadings in Fig. 
6.  An amplification factor was used in the images so a difference in response could be 
visually seen.  Fig. 6(a), (b) and (c) show the structural movements for the heterogeneous 
sand soils at 0.5s, 1.0s, and 3.0s, while those for the clay and sand mixture soils can be 
seen in Fig. 6(d), (e) and (f), respectively. It appears that the peak amplitude was achieved 
at 2.5 seconds for the heterogeneous sand soils and 3.0 seconds for the clay and sand soils. 
As stated before, the overall response of the OWT with the heterogeneous sand soils 
appeared to be less than those with the clay and sand mixture soils which have lesser lateral 
resistance relative to the sand only soils.  
 
(a) 
 
(b) 
 
(c) 
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(d) 
 
(e) 
 
(f) 
Fig. 6.  Sequential snapshots of monopile under 6 second transient analysis: (a) 
heterogeneous sand soils at 0.5 seconds, (b) heterogeneous sand soils at 1.0 seconds, (c) 
heterogeneous sand soils at 3.0 seconds, (d) clay and sand soils at 0.5 seconds, (e) clay and 
sand soils at 1.0 seconds and (f) clay and sand soils at 3.0 seconds. 
 
1.4.2 Soil-Monopile-Structure Interaction 
Two different soil profiles used for the aforementioned time history analyses were 
also considered with six loading combinations. Soil-monopile-structure interaction of the 
OWT system was investigated herein using critical responses captured over time during 
the multi-hazard simulations. Specifically, the peak deflection of the monopile was 
explored. Fig. 7(a) and (b) shows the deflection relationship between embedded depth of 
monopile and envelope consisting of the peak deflections for the different wind and wave 
parameters under both soil profiles. In Fig. 7(a), an increase in the maximum deflection of 
the monopile is observed along with the embedded depth for the heterogeneous sand soils 
due to more severe wind and wave loading condition. A similar trend is also observed for 
the OWT with the monopile embedded length of 40m for clay and sand mixture soils as 
shown in Fig. 7(b). From both the figures, nonlinear soil-structure-behavior in the structure 
are revealed as expected. To examine the effect of wind and wave on the response more in 
depth, the peak deflections for the considered multiple loadings were plotted as illustrated 
in Fig. 7(c) and (d). It appears that a variance in wind speed has a more significant impact 
25 
 
 
 
on the peak deflection of the structure than a variance in significant wave height within the 
considered range of wind and wave load conditions. 
 
(a) 
 
(b) 
 
            (c) 
 
                (d) 
Fig. 7.  Response of soil-monopile-structure to multi-hazard loading: (a) deflection versus 
depth for the heterogeneous sand soils, (b) Deflection versus depth for heterogeneous sand 
soils, (c) maximum deflection for varied wind and wave parameters for clay and sand 
-40
-35
-30
-25
-20
-15
-10
-5
0
-0.02 0 0.02 0.04 0.06
Em
b
ed
d
ed
 D
ep
th
 (
m
)
Deflection (m)
25 m/s wind and 8 m
wave
25 m/s wind and 5 m
wave
18 m/s wind and 8 m
wave -45
-40
-35
-30
-25
-20
-15
-10
-5
0
-0.05 0 0.05 0.1 0.15
Em
b
ed
d
ed
 D
ep
th
 (
m
)
Deflection (m)
25 m/s wind and 8 m
wave
25 m/s wind and 5 m
wave
18 m/s wind and 8 m
wave
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
M
ax
im
u
m
 D
ef
le
ct
io
n
 (
m
)
25 m/s Wind         18 m/s Wind         12 m/s 
Wind
8 m Wave
5 m Wave
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
M
ax
im
u
m
 D
ef
le
ct
io
n
 (
m
)
25 m/s Wind      18 m/s Wind      12 m/s 
Wind
8 m Wave
5 m Wave
26 
 
 
 
mixture soils and (d) maximum deflection for varied wind and wave parameters for clay 
and sand mixture soils. 
1.4.3 Fatigue Life 
During the time history analysis, a fatigue tool was used to analyze the system and 
determine the fatigue life.  The fatigue tool applied all the loading conditions, and then 
fully reverses them for maximum fatigue damage and the most conservative study. 
Commonly, the fatigue life of OWT system designed to withstand cyclic loads is ranged 
from 107 to 108 cycles over 20-25 years of design life (Bhattacharya 2014). This was 
performed for both soil profiles and the results are shown in Fig. 8(a). From this figure, it 
was found that the for the heterogeneous sand, which has a higher lateral soil resistance, 
experienced an excessive amount of fatigue damage right at the mud-line at approximately 
43000 cycles, which in turn significantly shortened the fatigue life of the structure. On the 
other hand, Fig. 8(b) for the clay and sand mixture soils, which has a lower lateral soil 
resistance, and did not experience any abnormal fatigue damage.   
 
(a) 
 
(b)  
Fig. 8. Simulation results from fatigue analysis: (a) fatigue damage for the heterogeneous 
sand soils and (b) fatigue damage for clay and sand mixture soils. 
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1.5.Conclusions and Future Work 
This study implemented a multi-hazard integrated FEM-CFD analysis of the NREL 5 
MW reference wind turbine on a monopile foundation.  The most up-to-date modeling 
techniques were employed and compared with previous reliable works for verification. 
Wind and wave forces were simultaneously applied to the structure under a time history 
analysis for two different soil profiles including the heterogeneous sand and clay and sand 
mixture soils.  Soil response results were generated using multiple soil springs applied 
under the API code definition.  Extreme loading conditions were applied along with varied 
wind and wave loading parameters with the considered soil profiles to set up verifiable 
conditions. 
 
Extensive preliminary literature review was performed on the monopile foundation 
OWT.  It was determined that three main topics of interest come up when analyzing an 
OWT: soil-structure interaction, wind hazard simulation, and wave loading application.  
Many of the recent studies condense the scope of their work to include just one of these 
three topics and make large assumptions on the remaining.  This can be appropriate for 
studies focused on specifics (e.g. cyclic loading of monopile), but cannot experience an 
accurate dynamic response of a system subjected to crucial dynamic loads over time. It has 
been concluded from the literature review that a multi-hazard study focused on the time-
history analysis of the entire monopile offshore wind turbine (OWT) with soil-structure-
interaction necessary for reliable simulation. 
Verification was performed with a modal analysis to determine the fundamental 
frequency of the OWT structure with a monopile foundation. The fundamental frequency 
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of the entire OWT system was generated for three different foundation models, including 
fixed base and the two soil profiles, and compared to pre-existing results published in past 
literature.  It has been determined that the fundamental frequency of this model was 
accurate for all foundation types but has an increased percent error when the foundation 
stiffness decreases.  
The response of the OWT embedded in a heterogeneous sand was found to be less than 
those embedded in a softer clay and sand mixture. However, the high level of stiffness of 
the sand used in this study caused fatigue damage to the structure.  This means that a lower 
soil stiffness must be present, but not significantly low that the natural frequency 
experiences accidental resonance with other excitation frequencies. A larger variation in 
soil response was exhibited with a variance in wind speed than with significant wave 
height. 
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Chapter 2: Retrofitting of Monopile Transition Piece for Offshore Wind Turbines  
 
Abstract 
The monopile foundation for an offshore wind turbine (OWT) has been successfully 
implemented worldwide, particularly in Germany, Denmark and the United Kingdom. 
Numerous offshore wind farms have been operational for a large percent of their expected 
service lives. However, one problematic area of concern is that the transition zone of the 
structure (the connection between the monopile and tower) relies on a grouted connection 
which fails to support the axial load of the OWT when it is subjected to wind and wave 
loadings. This is a major implication for offshore wind farms that are installed and, thereby 
requires a retrofit solution that is not only adequately-effective, but also efficiently 
implemented. This paper analyzes a retrofit solution that involves drilling holes through 
the transition piece, grout, and monopile and installing pins, which would completely 
prevent vertical movement between the transition piece and monopile. The NREL 5MW 
reference wind turbine was considered for this study, atop a monopile with a 5m diameter. 
To adequately address the major issue presented, this study consists of three simulation 
parts.  All three parts implemented a finite element model (FEM) analysis of the transition 
zone to: 1) simulate the transition zone without any additional supports types (e.g. shear 
keys); 2) simulate the transition zone with the support of shear keys; and 3) simulate the 
transition zone with the retrofit pins without the implementation of shear keys. These pins 
will be spaced based on a general following of the DNV guidelines for shear key design. 
All three of the models are local models only, and thus have simplified loading conditions 
applied. Each model is 25m tall and are assumed to be fixed at the base. The retrofit 
solution will then be compared to the other cases to determine its efficacy in transcending 
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the grout-failure problem. From this study it is anticipated that an effective retrofit solution 
will be simulated for a general OWT size. 
2.1. Introduction 
The monopile foundation is the most common substructure making up 80 percent of 
the cumulative offshore wind power market (EWEA 2016).  The monopile substructure is 
connected to the tower through an annulus transition piece attached by grout.  This grouted 
connection transfers the shear forces and flexural moments from the tower to the monopile 
with the principle method of load transfer being shear friction. Over 2500 monopile 
foundation offshore wind turbines (OWT) have been installed. Unfortunately, for 
approximately 600 of these turbines, the axial capacity of the grouted connection is 
insufficient and cannot handle the immense shear friction force (EWEA 2016).  The 
insufficient axial capacity has caused the grout to crush at its extremities allowing for 
unexpected early-stage settlements and tilting (Dallyn et al. 2015).  This extremely large 
problem calls for an adequate retrofit solution that can be implemented to enhance the 
service life of the offshore wind farms experiencing this structural failure problem. 
Due to the extremely recent nature of such phenomenon, limited retrofit solutions have 
been generated.  One promising solution involves the drilling of several holes through the 
transition piece, grout and monopile, which are then installed with pins. The ultimate 
purpose of these pins is to completely prevent any type of vertical movement between the 
transition piece and the monopile, which can be achieved through extremely precise 
fittings. Elimination of movement between the transition piece and the monopile will 
dramatically reduce the force exerted on the grout, significantly improving the design life.  
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This technique can be modeled effectively through a Finite Element Modeling (FEM) 
approach with pins modeled as pre-tensioned bolts. 
This study intends to analyze the retrofitting of the transition zone of a monopile OWT 
through a FEM approach that can be broken down into four sections.  The first section 
details the design guidelines provided by the DNV for designing the shear keys, as well as 
the S-N curve for the grout material. The second section details the FEM of the transition 
piece.  This section has three main simulation models: 1) grouted connection, 2) grouted 
connection with shear keys installed and 3) grouted connection without shear keys but with 
retrofit pins installed. The third section covers the results of the experiment in which the 
results from the three different models are presented and discussed. The fourth section is 
the conclusions and future work section, where a simple yet descriptive analysis of the 
results is made. This section also included the recommended future work to be performed. 
2.2.Background 
Analysis of the grouted connection in the transition zone of the monopile OWT has 
been a major area of interest in recent studies (Kim et al. 2014; Lee at al. 2014; lliopoulos 
et al. 2015; Dallyn et al. 2015) due to the newly discovered inadequately designed fatigue 
life of the grout. The grouted connection can be designed through calculations specified by 
the Det Norske Veritas (DNV) society or the American Society of Civil Engineers (ASCE) 
and the European Wind Energy Association (EWEA). The design calculations have been 
updated to address the grout issue with either a conical shaped transition zone or through 
the implementation of shear keys.  Modeling of the transition zone to replicate the design 
calculation results can be done with a few different techniques implementing finite-element 
analysis (FEA). 
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One common method is to model the components (i.e. transition piece, grout and 
monopile) as solid elements and perform a structural fatigue analysis to analyze the stresses 
as well as the fatigue life of the grout (Lee at al. 2014; Kim et al 2014). This analysis can 
be performed to account for a transition zone with or without shear keys.  If shear keys are 
accounted for the model will change based on how the shear keys are modeled.  The DNV 
specifies a stiffness calculation for use when modeling the shear keys as springs, however, 
this is not the only way to model shear keys.  Another approach is to model the shear keys 
as solid material that is part of the transition piece or monopile.  This will require a slightly 
larger computational effort, however, it has proven to be a more accurate modeling 
technique. 
2.3.Design Guidelines 
The Det Norske Veritas (DNV) guidelines (GL 2016) were used in this study to 
generate both the fatigue properties of grout and the shear key design for the transition zone 
of the structure. 
2.3.1 Fatigue Limit State Design 
The fatigue limit state was simulated using a stress relationship generated through 
an S-N curve defined by the DNV guidelines (GL 2016).  A conservative grout material 
was assumed for this study, and the corresponding DNV guidelines were followed for a 
grade C80 normal weight concrete, as is recommended. There is considerable overlap 
between concrete and grout in material behavior, such as compressive and tensile strengths, 
therefore the DNV guidelines use the same equations for many design considerations. Eq. 
(1) below shows the relationship between the applied stress and the number of cycles to 
fatigue failure.  Constants 𝐶5 and 𝐶1 were assumed to be 0.8 and 8.0 for a conservative 
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grout material as suggested by the DNV.  The characteristic compression cylinder strength, 
𝑓𝑐𝑐𝑘, is 80 MPa for the chosen C80 grade material. Eq. (2) converts 𝑓𝑐𝑐𝑘 to the characteristic 
in-situ compression strength, 𝑓𝑐𝑛. Eq. (3) can then be used with the recommended material 
factor, 𝛾𝑚, to find the compression strength, 𝑓𝑟𝑑, for use in equation (1). The values used 
in Eq. (1), (2), and (3) are listed in Table 1. The generated S-N curve is shown in Fig. 1 
𝑙𝑜𝑔10𝑁 = 𝐶1 (
(1−(
𝜎𝑚𝑎𝑥
𝐶5∗𝑓𝑟𝑑
))
(1−(
𝜎𝑚𝑖𝑛
𝐶5∗𝑓𝑟𝑑
))
)     (1) 
fcn =  fcck ∗ (1 −
fcck
600
)   (2) 
frd = 𝐶5
fcn
𝛾𝑚
   (3) 
 
 
 
 
Table 1. S-N Curve Parameters 
Parameters Values 
C1 8 
C5 0.8 
frd 36.98 
fcn 69.33 
fcck 80 
𝜸𝒎  1.5 
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Fig. 1. Input S-N curve for grout material in fatigue analysis 
 
2.3.2 Shear Key Design 
Monopile foundations with shear keys implemented in the transition zone to help 
strengthen the grout connection have been designed to follow the DNV guidelines (GL 
2016). Eq. 4 through 10 are design conditions specified by the DNV.  These conditions 
were followed to generate the parameters listed in Table 1. A total of 13 shear keys were 
implemented with seven integrated into the monopile and six integrated into the transition 
piece. 
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9 ≤
𝑅𝑇𝑃
𝑡𝑇𝑃
≤ 70     (9) 
𝑆 ≥ 𝑚𝑖𝑛 (
0.8√𝑅𝑝𝑡𝑝
0.8√𝑅𝑇𝑃𝑡𝑇𝑃
)  
  (10) 
Where:  
Lg = effective length of grout 
Rp = Radius of Pile 
Rtp = Radius of transition piece 
tp = thickness of pile 
ttp = thickness of transition piece 
tg = thickness of grout 
Dp = diameter of pile 
h = height of shear key 
w = width of shear key 
S = Spacing of shear keys 
 
 
 
Table 2. Grout and Shear Key Geometric Parameters 
Parameters Values 
Lg 7.5 m 
Rp 2.50 m 
Rtp 2.83 m 
tp 0.13 m 
ttp 0.17 m 
tg 0.16 m 
Dp 5.0 m 
h 0.05 m 
w 0.075 m 
S 0.5 m 
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2.3.3 Modelling Setup and Procedure 
The structure being analyzed is a 5MW NREL reference wind turbine atop a 
monopile foundation (Jonkman 2007). A global model of the entire structure is not 
necessary, as it would only be required if dynamic loading conditions were applied. This 
study focuses on the transition zone of the structure, where the monopile and tower are 
connected by a layer of grout material. Specifically, this study is focused on a fatigue 
analysis of the grout material, and therefore, a local model of that area is all that is 
necessary with a few simplifications and assumptions. There are three different models 
used in this study, a plain grouted connection, a grouted connection with shear keys 
implemented, and a plain grouted connection with the purposed pins retrofitted into the 
structure. The models generated for analysis consists of a 25 m tall structure and can be 
seen in Fig. 3. Part (a) shows the plain grout connecting, and part (b) shows a close up for 
comparison to the other two model types. Part (c) shows the shear key model with part (d) 
showing a close up of the shear key model. Part (e) shows the pinned model with part (f) 
being a close up of the pinned model. A general layout of the three models used is depicted 
in Fig. 2. Fig.2(a) shows the global structure considered along with Detail A, which is a 
zoomed in depiction of the transition zone. Fig. 2(b) shows three different versions of 
Detail B corresponding to the three different models: plain, shear key, and pinned. Fig. 2(c) 
is Section A-A taken from Detail A showing a top view of the transition zone. A key is 
provided to help distinguish between the monopile, the tower, and the transition piece. It 
should be noted that Detail A located in Fig. 2. (a) is a good depiction of the FEM used in 
this study, simply without the full length of the monopile extending downwards. 
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The connection between the grout surface and the steel surfaces of the monopile 
and tower was modeled as a frictional contact surface, with a frictional coefficient of 0.4, 
as is recommended by the DNV. The pins applied in the third case are modeled as pre-
tensioned bolts to eliminate the possibility of them falling out. As is customary in modeling 
of bolts, the head of the bolt and the nut are assumed to be bonded to the outside surfaces 
of the monopile and transition piece. The bolt material that passes through the three layers 
is assumed to have a frictional contact surface, with a frictional coefficient of 0.15. The 
pre-tensioning on the bolts is assumed to be 185 KN. These values were obtained from a 
previous work in which a fatigue analysis was conducted on the bolts used for an offshore 
wind turbine (Ismail et. al. 2016). The material used for structural steel was defined by 
ANSYS and is listed in table 3 below, along with the grout properties, and the material for 
the bolts, which corresponds to a ASTM A354- Grade BC bolt, with a diameter larger than 
2.5 inches. 
 
 
 
Table 3. Grout and Structural Steel Mechanical Properties 
Property Bolt Grout 
Structural 
Steel 
Density (Kg/m) 7850  2512  7850  
Modulus of Elasticity (MPa) 200,000  50,900  200,000  
Tensile Yield Strength (MPa) 682 0  250 
Compressive Yield Strength (MPa) 682 0  250 
Tensile Ultimate Strength (MPa) 725 8.6 460 
Compressive Ultimate Strength (MPa) 725 80 0 
Poisson’s Ratio 0.3 0.19 0.3 
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(a) 
 
(b) 
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(c) 
Fig. 2. Depiction of global model analyzed: (a) Global model (left) and local model (right), 
(b) Details for the three different modeling scenarios, and (c) section view of local model 
(left) and key (right) 
 
(a) 
 
(b) 
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(c) (d) 
 
(e) 
 
(f) 
Fig. 3. Screenshots of the three different modeling cases: (a) Plain Model, (b) Zoomed-in 
Plain Model, (c) Shear Key Model, (d) Zoomed-in Shear Key Model, (e) Pin Model, and 
(f) Zoomed in Pin Model 
 2.3.4 Multi-Hazard Loading 
A simplified loading application has been developed to allow for a complex local 
model of the transition zone to be analyzed. The model is assumed to be fixed at the 
mudline, extend a total of 25 m (including the transition zone and part of the tower) 
vertically, and have a free boundary condition at the top. This local model setup placed the 
NREL 5 MW reference wind turbine on a monopile foundation, therefore the 
corresponding wind and wave forces must be generated accordingly.  This study is solely 
focused on fatigue analysis of the grout material; thus, fatigue loading conditions must be 
generated.  
The self-weight of the super-structure was provided by the NREL for their 5MW 
reference turbine, which totaled to 750,680 kg. This weight corresponds to a downward 
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force of 7,364,170.8 N. The model in this study is symmetric about the y-z plane, and 
therefore only half of the geometry is modeled with an applied frictionless support on every 
surface on the y-z plane. Due to this modeling technique, the capacity of the support is only 
half of the original model, and therefore should only be subjected to half of the forces.  
The wave force was calculated using Morison’s Equation on a cylindrical body 
(Lee et al. 2014). The wave characteristics used in the equation, were a wave height of 1.5 
m, a wave length of 33.8 m, and a wave period of 5.7 seconds. The total wave force 
calculated was 483,672 N/m. This was applied as a distributed load along the exposed 
monopile and transition piece up to a height of 20m (water depth for this analysis). The 
local model in this analysis encompasses the entire fluid-solid interaction surface of the 
global model, therefore no further changes or assumptions are required. It should be noted 
that with a fixed boundary condition at the bottom, the displacement will be zero. 
The wind force is extremely complex when accounting for the rotation of the blades 
along with the changing wind speed with respect to height. For this reason, the wind force 
was generated to mimic a prior work in which the 5MW NREL wind turbine was subjected 
to wind conditions corresponding to a fatigue loading scenario. The resultant moment at 
the base of the tower was found to peak at approximately 3MNxm and the resultant force 
in the y-direction was approximately 1.5 MN. Reducing these values by a factor of two to 
account for the symmetric model, an overturning moment of 1.5 MNxm and a horizontal 
force of 0.75 MN, were applied at the top of the model. The moment was applied about the 
x-axis (causes a rotation in the y-z plane), while the horizontal force was applied in the y-
direction. 
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2.4. Results 
The results from all three different models have been generated and analyzed based on 
three different categories: fatigue life, frictional stress, and maximum shear stress. It should 
be noted that the results for the plain model cannot be considered relevant due to system 
nonconvergence after an axial failure of the model. This was expected with the given 
geometric dimensions coupled with the lower axial capacity of the plain model. 
2.4.1 Fatigue Life 
The fatigue life of the grout material is expected to reach a minimum of 2x106 
cycles to last for the entire service life of an offshore wind turbine, according to the DNV. 
The axial capacity of the plain model was not sufficient for the given structure, and 
therefore failed entirely at 0 cycles.  This failure was expected as the monopile diameter 
was 5m, which is small when supporting a 5MW turbine. It is also known that the plain 
model has axial capacity issues, which when coupled with a smaller diameter monopile, 
leading to structural failure. With the same dimensions and materials, only adding the DNV 
specified shear keys to the model, the fatigue life of the entire grout material reached the 
full service life of 2x106 cycles. This shows that the shear keys do exactly what they were 
designed to do, increase the axial capacity of the grout material. Fig. 4. shows the grout 
material of the shear key model with an entire blue body, meaning the grout material 
reached the minimum cycles. The proposed retrofit pin model was a significant 
improvement to the plain model, however, due to lack of design guidelines, did not reach 
the full fatigue life throughout the entire grout material. As shown in Fig. 4. (b) there are 
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small areas directly around the pins that had zero cycle failure, however, the very small 
amount of grout crushing would not lead to structural failure like in the plain model. 
 
(a) 
 
(b) 
Fig. 4. Fatigue life: (a) Shear Key Model and (b) Pinned Model 
2.4.2 Frictional Stress 
Due to complete structural failure, no frictional results were able to be generated 
for the plain model. Fig. 5. (a) shows the frictional stress of the shear key model, and as 
we can see from the legend on the far left, the maximum value is 1.374x106 Pa. From part 
(b) we can see the maximum frictional stress in the pin model is 2.7865x105 Pa. We can 
also observe the distribution of the frictional stress is of a higher quality in the shear key 
model compared to the distribution in the pin model, where it is mostly centralized around 
the pins, however, the pin model is significantly improved with respect to the plain model. 
Widely distributed frictional stress between the grout and the steel of the 
monopile/transition piece is crucial for structural stability so large stress forces do not 
accumulate in one area, leading to rapid failure. 
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(a) 
 
(b) 
Fig. 5. Frictional stress in: (a) shear key model, and (b) pin model 
2.4.3 Shear Stress 
Shear stress is the major factor that causes failure in the grout material. The vertical 
shearing force must be distributed in a large enough area to avoid crushing or cracking of 
the grout. Fig. 6. (a) shows the shear stress in the shear key model, while Fig. 6. (b) shows 
the shear stress in the pin model. As we can see the stress in the shear key model is much 
better distributed, and therefore only reaches a peak value of 6.625x106 Pa, while the pin 
model reaches a maximum value of 3.837x107 Pa. This larger stress experienced is due to 
the stress in the pin model being focused directly around the pins in small areas, and not 
spread out and distributed along a large area. 
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(a) 
 
(b) 
Fig. 6. Shear stress: (a) shear key model and (b) pin model. 
2.4.4 Summary 
Three models were analyzed in this study, all yielding anticipated data and results. 
The first model was expected to fail, and that is precisely what happened. This was 
necessary to properly demonstrate the significant improvement from the latter two models. 
The second model implemented shear keys and thus greatly increased frictional stresses, 
to a maximum value of 1.374x106 Pa, while the retrofit pin model was only able to attain 
a maximum frictional stress value of 2.7865x105 Pa. The frictional stress is important as it 
helps to reduce the shear stress, which is ultimately the cause of failure in the models. The 
shear key model experienced a maximum shear stress of 6.625x106 Pa, while the pin model 
reached a maximum of 3.837x107 Pa. These stresses help to determine the fatigue life of 
the grout material, which is the ultimate concern. Both models significantly improved the 
first, plain model, from a complete structural failure at zero-cycles to structural stability 
throughout the expected life of 2.0x106 cycles. The only problematic area is with the pin 
model showing extremely minor grout failure directly around the pins with direct 
correlation to the extremely high shear stress. Table 4 below shows the simulation results 
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for direct comparison, however, it should be noted that the minimum fatigue life (0 cycle 
failure) for the pin model does not induce complete structural failure. 
 Table 4. Direct results comparison 
Result Plain  Shear Key  Retrofit Pin  
Maximum frictional Stress (Pa) - 1.374x106 2.7865x105 
Maximum Shear Stress (Pa) - 6.625x106 3.837x107 
Minimum Fatigue Life (cycles) 0  2.2x106 0 
Overall Structural Stability No Yes Yes 
Note: ‘-‘ means no usable results could be generated 
 
2.5. Conclusions and Future Work 
A large amount of wind turbines have been under designed and may experience failure 
due to a lack of axial capacity against the large shear force. A retrofit solution with the pins 
has been provided and compared with the existing shear key model and plain model to 
attempt to develop an adequate solution. 
2.5.1 Conclusions 
The axial capacity of a transition piece with a plain cylindrical body with no shear 
keys has been determined to be inadequate in fatigue life and shear capacity. This study 
has modeled this scenario and proven that under fatigue loading conditions there is a 
possibility of failure. Implementing the DNV guidelines for shear keys, a new model was 
created that was theoretically supposed to solve this problem. The results from this study 
support those guidelines, and have shown the shear keys increase axial capacity of the 
structure to the required life cycle for offshore wind turbines of 2.0x106. A third model 
was generated to develop a retrofit solution to axial capacity issue with the plain model. 
This model was the exact same as the plain model, however, pins were installed in vertical 
rows of seven passing through the transition piece, the grout, and the monopile. No design 
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guidelines are currently available for this procedure, so an approximation of the shear key 
guidelines was implemented with hopes in achieving similar results. The results yielded a 
large improvement from the plain model, however did not reach the full life cycle in the 
entire grout material. In very minor areas directly above and below the pins, a zero-cycle 
fatigue failure was experienced, while the rest of the material reached the 2.0x106 
minimum requirement.  
The small fatigue failure can be attributed to the large and centralized shear stress 
corresponding to the exact same location as the fatigue failure. A maximum value of 
3.837x107 Pa was experienced in the pin model while the shear key model only reached a 
maximum value of 6.625x106 Pa. Not only did the pin model yield a drastic increase in 
shear stress, but the distribution was significantly more centralized compared to the shear 
key model. 
The maximum frictional stress in the shear key model was found to be 1.374x106 
Pa, while the pin model only reached a maximum of 2.7865x105 Pa. This decrease in 
frictional stress is directly correlated to the increase in shear stress. This decrease can be 
attributed to the variation in grout-to-steel contact surfaces between the models. The pin 
model has no abnormalities outside its vertical plane; thus, the normal force is directly 
perpendicular to the z-axis. In the shear key model, the normal force is altered by the shear 
keys, as it always stays perpendicular to the contact surface. This is extremely important 
as it allows the normal force to align in a closer parallel direction to the axial force (z-
direction). Frictional force is directly proportionate to the normal force through a frictional 
coefficient. When the normal force is more vertically aligned to the axial force, frictional 
stresses account for more of the axial force, thus alleviating some of the max shear stress. 
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These results are extremely promising with the achieved increase in axial capacity and 
structural integrity of the pin model. 
2.5.2 Future Work 
The results produced show that the retrofit pin model significantly increases the 
axial capacity to the point of viability, however an ideal structural fatigue life was not 
reached for the entire grout material. The size and arrangement of pins were based off the 
DNV guidelines for the shear keys, but need to be further developed as to reach highest 
level of fatigue life and overall structural strength. Future work should focus on increasing 
the number of pins to achieve better distributed shear stress. A correlation between 
geometric proportions and pin spacing should be developed so the procedure is widely 
applicable to any and all turbines in need. 
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Chapter 3: Optimized Retrofit Design of Monopile Foundation Offshore 
Wind Turbine Through Central Composite Response Surface 
Methodology 
 
Abstract 
A large number of monopile foundation offshore wind turbines (OWT) have been 
determined to be insufficient in supporting the required axial capacity, coupled with cyclic 
loading, throughout their desired lifecycle. This issue has been addressed in design 
guidelines, but those offer no solution to the previously inadequately designed OWT, that 
have already been installed. This study aims to not only propose a viable retrofit solution 
to this major issue, but to also implement response surface methodology (RSM) using the 
central composite design (CCD) method to optimize the retrofit bolted connection for the 
most economical solution possible. The software ANSYS was used to perform the finite-
element modeling (FEM), while the statistical analysis was performed using JMP software. 
Retrofit results are compared with results from a model implementing the DNV’s updated 
design guidelines shear key system. 
 
3.1 Introduction 
Offshore wind turbines have proven to be a viable alternative energy source for 
many European countries. This success has drawn much attention around the world, and 
provides more attraction as advancements and progress is unrelenting. With the field 
growing quickly, a substantial problem has been relatively unaddressed. Of the OWT about 
80 percent are supported on a monopile foundation system with approximately 600 of these 
turbines experiencing a major issue (EWEA 2016). The turbine tower is attached to the 
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monopile foundation system through a grout layer in the transition zone. This grout has 
been under-designed and allows for crushing at its extremities, which in-turn allows for 
settling and tilting of the tower. This is a major issue as it can lead to resonance in the 
structure, or simply to cause structural failure. This problem was addressed in design 
guidelines by involving either shear keys, or else a conical shaped transition piece. These 
solutions are effective, however, not helpful to the existing structures. 
A retrofit solution to this problem has been developed which involved creating a 
bolted-type connection in the transition zone. This involved drilling holes through the three 
layers of material: monopile, grout, and transition piece, and then installing several bolts 
to aid in the axial capacity of the structure. Achieving a tight-fitting contact surface 
between the bolt shaft and the three layers of material in the transition zone is key to absorb 
come of the critical shear stresses causing failure in these systems. A local finite-element 
model (FEM) was generated containing the entire transition zone, and approximately 15m 
of extra monopile to simulate a structure reaching the sea-bed floor. To allow for a more 
detailed model, the local model was cut in half about the y-z plane. This local structure is 
completely symmetric about this plane, and therefore allows for this simplification. To 
simulate an accurate model, all forces applied to this model must be multiplied by a factor 
of one half, as only one half of the structure is present. The boundary conditions for this 
local model are as follows: fixed support at the base of the monopile (sea-bed floor) and 
frictionless support along every surface orientated, and created by a slice, on the y-z plane. 
With these turbines generally located in the European area, European guidelines were 
followed wherever possible. The fatigue life of the grout material is the ultimate focus in 
this study, therefore an accurate simulation of this material had to be achieved. Following 
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the DNV guidelines, shear key sizing and spacing was established and applied in a model 
for comparative purposes against the purposed retrofit model. DNV guidelines were also 
followed in generating the S-N curve of the grout layer, which is a relationship used to 
predict the fatigue life of the material under any simulated load.  
This study verifies the plausibility of this retrofit solution with a three-part 
modeling comparison, and then develops an optimized solution through the use of a central 
composite design (CCD) analyzed through RSM and a desirability function in the software 
JMP. To allow for accurate assessment of the retrofit solution, first it must be determined 
the base model (without application of any retrofitting) fails, and thus is in need of a 
retrofitting solution. Once this model was generated, a model of the updated DNV design 
guidelines with the implementation of shear keys, was simulated for comparison with the 
final retrofit model. The third and final model was created identical to the first base model, 
with the retrofit bolts installed according to the CCD. This statistical tool was input with 6 
geometric/material parameters (i.e. number of columns, vertical spacing, bolt diameter, 
number of rows, pre-tensioning load, and modulus of elasticity of bolt) to optimize the 
bolted connection, and with 3 generated results (minimum fatigue life of grout, maximum 
frictional stress in grout, and maximum shear stress in grout). This paper will cover FEM 
design and guidelines used, the generated simulations and optimized results, and finally 
conclusions and future work. 
3.2 Finite element model design and guidelines 
This section is broken into three subsections. The first subsection details the strictly 
followed DNV guidelines for design of both the shear keys as well as the S-N curve, for 
fatigue life estimation of the grout material. The second subsection includes the FEMs 
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setup, boundary conditions, and loading applications. The third and final subsection covers 
the implementation of CCD to perform a regression analysis, and achieve an optimized 
retrofit-bolted connection. 
3.2.1 Shear Key Design and Fatigue Life  
The shear keys were designed to the DNV guidelines, following equations 1 
through 7 (GL 2016). Based on the chosen geometric dimensions of the transition zone, a 
total of 13 shear keys were required, seven attached to the monopile and six attached to the 
transition piece.  
 
1.5 ≤
𝐿𝑔
𝐷𝑝
≤ 2.5     (1) 
ℎ ≥ 5𝑚𝑚     (2) 
1. .5 ≤
𝑤
ℎ
≤ 3.0     (3) 
ℎ
𝑆
 ≤ 0.10     (4) 
10 ≤
𝑅𝑝
𝑡𝑝
≤ 30     (5) 
9 ≤
𝑅𝑇𝑃
𝑡𝑇𝑃
≤ 70     (6) 
𝑆 ≥ 𝑚𝑖𝑛 (
0.8√𝑅𝑝𝑡𝑝
0.8√𝑅𝑇𝑃𝑡𝑇𝑃
)   (7) 
Where:   
Lg = effective length of grout 
Rp = Radius of Pile 
Rtp = Radius of transition piece 
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tp = thickness of pile 
ttp = thickness of transition piece 
tg = thickness of grout 
Dp = diameter of pile 
h = height of shear key 
w = width of shear key 
S = Spacing of shear keys 
Table 1. Grout and Shear Key Geometric Parameters 
Parameters Values 
Lg 7.5 m 
Rp 2.50 m 
Rtp 2.83 m 
tp 0.13 m 
ttp 0.17 m 
tg 0.16 m 
Dp 5.0 m 
h 0.05 m 
w 0.075 m 
S 0.5 m 
 
Following DNV guidelines, a relative stress relationship was used to generate a S-
N curve. This curve is displayed in Figure 1. The generated S-N data was input into ANSYS 
software along with additional grout material properties provided in Table 3, located in the 
following finite-element modeling section (ANSYS 1997). When a simulation was 
performed with applied loading conditions, internal stresses are generated throughout the 
grout material. The software follows the input S-N curve to predict the fatigue life of that 
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material. Equations 8, 9, and 10 were used to generate the S-N curve with the parameters 
listed in Table 2.  
𝑙𝑜𝑔10𝑁 = 𝐶1 (
(1−(
𝜎𝑚𝑎𝑥
𝐶5∗𝑓𝑟𝑑
))
(1−(
𝜎𝑚𝑖𝑛
𝐶5∗𝑓𝑟𝑑
))
)  (8) 
fcn =  fcck ∗ (1 −
fcck
600
)  (9) 
frd = 𝐶5
fcn
𝛾𝑚
  (10) 
 
Where:  
 C5 and C1 = DNV suggested constants 
 fcck = characteristic compression cylinder strength 
 fcn = characteristic in-situ compression strength 
 γm = recommended material factor 
 frd = compression strength 
 
Table 2. S-N Curve Parameters 
Parameters Values 
C1 8 
C5 0.8 
frd 36.98 
fcn 69.33 
fcck 80 
𝜸𝒎  1.5 
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Figure 1. S-N curve 
 
 
3.2.2 Finite-Element Modeling  
This study assumed a 5MW NREL reference wind turbine was attached to a 
monopile foundation system (Jonkman 2007). This wind turbine superstructure was not 
generated in the local model, however, it is still important to consider when determining 
the wind load and self-weight to accurately represent a global model. As previously 
mentioned, three diverse types of local models were simulated. All three structures are 
identical aside from the added shear keys/retrofit bolts. All three types of models have the 
same two contact surfaces between the grout layer and the steel (on either side of the grout) 
which were set as frictional contacts, with a coefficient of 0.4, as recommended by the 
DNV. The shear keys were modeled as part of the monopile/transition piece. Detailing the 
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model with a more realistic welded connection was not necessary as the grout material will 
fail well before any of the welded shear keys. 
The third type of model was modeled as a bolted connection, but to simplify 
modeling and ensure convergence of all models, assumptions were made. The first 
assumption is that the bolt shaft material is in full contact with all three layers of material 
it passes through. Typical pre-tensioned bolts do not remain in contact due to minor 
stretching of the material under the pre-tensioned load. This can be avoided using an 
expansion sleeve, which is a device that is inserted before the bolt, and when the bolt is 
installed expands against the three layers. This device is also much safer for installation 
compared to a tight-fitting bolt/pin which can cause frictional damage to the layers when 
inserted. The nut is assumed to be fully bonded to the bolt, and both the head of the bolt 
and the nut are assumed to be bonded to the outside walls of the structure.  
Figure 2 shows an illustration of the global model, local model, and specifically the 
differences between each of the three local model types. Table 3 provides the mechanical 
properties of the grout and the structural steel used in all three models. This table also 
provides some of the bolt properties, however, due to variation in the modulus of elasticity, 
this value was set as a range. 
Table 3. Grout and Structural Steel Mechanical Properties 
Property Bolt Grout 
Structural 
Steel 
Density (Kg/m) 7850  2512  7850  
Modulus of Elasticity (GPa) 200-215  50.9  200  
Tensile Yield Strength (MPa) 682 0  250 
Compressive Yield Strength (MPa) 682 0  250 
Tensile Ultimate Strength (MPa) 725 8.6 460 
Compressive Ultimate Strength (MPa) 725 80 0 
Poisson’s Ratio 0.3 0.19 0.3 
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(a) 
 
(b) 
 
(c) 
Figure 2. Illustration of model: (a) global model (left) and local model (right; Detail A), 
(b) Details for the three modeling types, and (c) section view of local model (left; Section 
A-A from Detail A) and key (right) 
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The ultimate goal of this study is to maintain absolutely zero fatigue damage in the 
grout layer, with the most economic application of a retrofit bolted connection. This means 
all the loading conditions considered will be generated to fatigue loading standards. The 
self-weight of the 5 MW NREL reference wind turbine is totaled at 750,680 kg. Converted 
to an applied force, 7,364,170.8 N should be supported by a foundation system. The local 
model considered in this study is a symmetric half model, and therefore was only subjected 
to one half the total force, or 3,682,085.4 N. 
The wave force applied to this model was calculated using Morison’s Equation with 
application to a cylindrical body. The wave input parameters were chosen to reflect fatigue 
loading conditions: wave height of 1.5m, wave length of 33.8m, and wave period of 5.7 
seconds. These totaled a distributed load of approximately 485 KN/m. Applying this load 
to the local model in this analysis resulted in a distributed load of 242.5 KN/m. The water 
depth was assumed to be 20 m for all scenarios, therefore the distributed load was applied 
to the surface of the structure, from the bottom up to 20 m. 
The wind force varies depending on the size of the turbine on top of the monopile 
foundation. As previously mentioned this study assumes the 5 MW NREL reference wind 
turbine, which has had extensive analysis performed on various wind speeds. A study 
performed by T.T. Tran with the department of Aerospace and System Engineering 
analyzed the NREL 5MW reference wind turbine using advanced computational fluid 
dynamics (CFD) and unsteady blade element momentum (BEM) theory. This analysis 
provided a very accurate representation of the turbine with the rotor spinning at 11 m/s. 
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Force and moment components were generated at the base of the structure, and were 
peaked at 1.5 MN force in the y-direction, and a 3MNxm moment about the x-axis. 
Reducing these two components by a factor of two for application to the local model results 
in a 0.75 MN force in the y-direction and a 1.5 MNxm moment about the x-axis. These 
forces were applied at the top of the local model, which corresponds perfectly to the base 
of the structure in the previous study (Tran et. al. 2012). 
3.2.3 Response Surface Methodology – Central Composite Design  
Using the software JMP a central composite RSM approach was applied to optimize 
the bolted connection of the third local model type (. To ensure the highest optimization 
was achieved, six parameters were varied: number of columns, vertical spacing, bolt 
diameter, number of rows, pre-tensioning load, and modulus of elasticity. Table 4 shows 
the 46 different combination patterns required. These 46 different simulations were run and 
three results were generated for each, all of which were specific to the grout: minimum 
fatigue life, maximum shear stress, and maximum frictional stress. The values in Table 4 
represent a point in the selected range for each parameter. A “-1” represents the lowest 
value of the range, a “+1” represents the highest value of the range, and “0” represents the 
middle of the range. The columns with “X” variables represent the varied parameters, while 
the columns with “Y” variables represent the generated results for each simulation. The 
actual ranges for each factor used in this study are presented in Table 5. 
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Table 4. Complete CCD Matrix 
Pattern X1 X2 X3 X4 X5 X6 Y1 Y2 Y3 
−−+−−− -1 -1 1 -1 -1 -1 0.00E+00 6.55E+05 3.28E+07 
00000a 0 0 0 0 0 -1 4.25E+00 2.24E+05 2.41E+07 
++−+++ 1 1 -1 1 1 1 0.00E+00 4.39E+05 3.28E+07 
0a0000 0 -1 0 0 0 0 2.20E+06 3.27E+04 6.82E+06 
−−++−+ -1 -1 1 1 -1 1 1.22E+04 4.30E+05 1.29E+07 
−++−−+ -1 1 1 -1 -1 1 1.26E+01 2.87E+05 2.14E+07 
0 0 0 0 0 0 0 4.43E+00 2.23E+05 2.40E+07 
0 0 0 0 0 0 0 4.43E+00 2.23E+05 2.40E+07 
+−−−−− 1 -1 -1 -1 -1 -1 0.00E+00 1.17E+06 1.85E+08 
A00000 1 0 0 0 0 0 2.20E+06 3.12E+04 3.07E+06 
+−++−− 1 -1 1 1 -1 -1 2.44E+02 9.14E+05 1.69E+07 
++−−−+ 1 1 -1 -1 -1 1 0.00E+00 1.29E+06 1.54E+08 
0000A0 0 0 0 0 1 0 4.75E+00 2.14E+05 2.39E+07 
+++++− 1 1 1 1 1 -1 5.86E+00 1.60E+05 2.34E+07 
−−+++− -1 -1 1 1 1 -1 3.05E+04 6.80E+05 1.17E+07 
++++−+ 1 1 1 1 -1 1 0.00E+00 1.12E+05 3.68E+07 
−−−−+− -1 -1 -1 -1 1 -1 2.20E+06 8.15E+05 7.94E+06 
−−−−−+ -1 -1 -1 -1 -1 1 1.28E+01 6.03E+05 2.14E+07 
+−+−+− 1 -1 1 -1 1 -1 1.01E+01 2.98E+05 2.16E+07 
+++−−− 1 1 1 -1 -1 -1 0.00E+00 9.88E+05 5.58E+07 
−++−+− -1 1 1 -1 1 -1 3.14E+02 2.16E+05 1.75E+07 
++−−+− 1 1 -1 -1 1 -1 0.00E+00 7.48E+05 9.76E+07 
−+−++− -1 1 -1 1 1 -1 0.00E+00 9.80E+05 3.04E+07 
+−+−−+ 1 -1 1 -1 -1 1 0.00E+00 3.26E+05 3.37E+07 
00000A 0 0 0 0 0 1 4.71E+00 2.23E+05 2.39E+07 
−+++++ -1 1 1 1 1 1 2.20E+06 4.23E+05 2.31E+06 
+−−+−+ 1 -1 -1 1 -1 1 0.00E+00 7.27E+05 9.24E+07 
−−+−++ -1 -1 1 -1 1 1 1.99E+01 2.15E+06 2.16E+07 
−−−+−− -1 -1 -1 1 -1 -1 5.53E+02 6.96E+05 1.61E+07 
+−++++ 1 -1 1 1 1 1 3.75E+02 8.78E+05 1.69E+07 
00a000 0 0 -1 0 0 0 2.20E+06 3.81E+04 6.13E+06 
−+−+−+ -1 1 -1 1 -1 1 0.00E+00 3.04E+05 5.92E+07 
++−+−− 1 1 -1 1 -1 -1 0.00E+00 3.83E+05 4.89E+07 
−+−−−− -1 1 -1 -1 -1 -1 4.31E+03 4.43E+05 1.34E+07 
+−−++− 1 -1 -1 1 1 -1 0.00E+00 3.01E+05 5.48E+07 
0A0000 0 1 0 0 0 0 2.20E+06 3.99E+04 4.78E+06 
000A00 0 0 0 1 0 0 3.67E+01 2.11E+05 2.10E+07 
−+−−++ -1 1 -1 -1 1 1 2.20E+06 6.84E+05 6.82E+06 
−+++−− -1 1 1 1 -1 -1 2.20E+06 3.73E+05 4.16E+06 
−−−+++ -1 -1 -1 1 1 1 1.12E+05 6.67E+05 1.06E+07 
+−−−++ 1 -1 -1 -1 1 1 0.00E+00 1.17E+05 6.43E+07 
a00000 -1 0 0 0 0 0 1.35E+03 4.65E+06 1.60E+07 
000a00 0 0 0 -1 0 0 0.00E+00 2.60E+05 2.94E+07 
0000a0 0 0 0 0 -1 0 1.95E+00 2.36E+05 2.52E+07 
+++−++ 1 1 1 -1 1 1 0.00E+00 2.49E+06 3.84E+07 
00A000 0 0 1 0 0 0 2.20E+06 3.29E+04 7.53E+06 
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Where: 
X1 = Number of Columns 
X2 = Vertical Spacing  
X3 = Bolt Diameter  
X4 = Number of bolts in columns  
X5 = Pre-Tension load 
X6 = Modulus of Elasticity 
Y1 = Min Fatigue Life 
Y2 = Max Shear Stress 
Y3 = Max Frictional Stress 
 
 
Table 5. Ranges for each factor 
Factor 
Factor 
Abbreviations 
Minimum 
(-1) 
Middle 
(0) 
Maximum 
(+1) 
Number of Columns X1 5 7 9 
Vertical Spacing (m) X2 0.25 0.375 0.5 
Bolt Diameter (m) X3 0.018 0.027 0.036 
Number of Rows X4 7 10 13 
Pre-tension (Pa) X5 0 92.5 185 
Modulus of Elasticity 
(GPa) 
X6 
200 207.5 215 
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3.3 Results 
Using JMP software, a central composite design was analyzed using a least square 
fit regression analysis. The results from this study have been broken down into 4 sections: 
1) Model Comparison 2) Factor Significance, 3) Residual Plots and Response Surface, and 
4) Desirability. The first section briefly reviews the results obtained from simple fatigue 
loading conditions on the grout material, for the plain model and shear key model. Section 
2 will cover the identification of insignificant factors, and the changes experienced due to 
their removal. Section 3 provides a large amount of visual aid in identifying the effect each 
factor truly yields. Section 4 explains the approach in determining an optimal 
configuration, and analyzes the results of each run.  
3.3.1 Model Comparison  
Two different models were analyzed for fatigue life, frictional stress, and shear 
stress. Geometric parameters were chosen with the expectation of failure in the first model, 
and complete success in the second model. The anticipated results were achieved, and 
presented in Table 4. 
 
Table 6. Model results comparison 
Result Plain  Shear Key  
Maximum frictional Stress (Pa) - 1.374x106 
Maximum Shear Stress (Pa) - 6.625x106 
Minimum Fatigue Life (cycles) 0  2.2x106 
Maximum Fatigue Life (cycles) 0  2.2x106 
Overall Structural Stability No Yes 
Note: ‘-‘ means no usable results could be generated 
 
 
67 
 
 
 
3.3.2 Factor Significance 
Performing a complete regression analysis involves identifying significant and 
insignificant factors, and then removing the insignificant factors. P-values were ultimately 
used to identify these factors, with a standard cut-off value of 0.05. Table 7 below shows 
the P-values generated for all data, while Table 8 shows the data after insignificant factors 
were removed. It was decided to keep the primary factors VS and E to help determine a 
complete design spacing, regardless of the significance of their effect on the results.  
 
Table 7. P-values for all factors 
Source LogWorth  PValue  
X1 3.777  0.00017  
X3 2.800  0.00158  
X1 * X1 2.372  0.00425  
X1 * X3 2.339  0.00458  
X5 1.609  0.02461  
X1 * X4 1.576  0.02657  
X4 1.508  0.03108  
X2 * X2 1.483  0.03289  
X3 * X3 1.483  0.03289  
X5 * X5 1.179  0.06619  
X6 * X6 1.179  0.06619  
X4 * X4 1.179  0.06620  
X3 * X4 1.168  0.06795  
X3 * X5 0.919  0.12042  
X1 * X5 0.795  0.16049  
X5 * X6 0.508  0.31056  
X4 * X5 0.480  0.33113  
X2 * X3 0.476  0.33398  
X1 * X2 0.467  0.34127  
X2 * X6 0.464  0.34392  
X2 * X4 0.446  0.35837  
X4 * X6 0.437  0.36565  
X2 0.430  0.37156  
X3 * X6 0.311  0.48882  
X2 * X5 0.167  0.68155  
X1 * X6 0.165  0.68364  
X6 0.164  0.68627  
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Table 8. P-values for significant factors only 
Source LogWorth  PValue  
X1 4.619  0.00002  
X3 3.321  0.00048  
X1 * X1 3.126  0.00075  
X1 * X3 2.731  0.00186  
X5 1.830  0.01478  
X1 * X4 1.790  0.01621  
X4 1.745  0.01800  
X2 * X2 1.745  0.01800  
X3 * X3 1.709  0.01956  
X5 * X5 1.371  0.04258  
X6 * X6 1.371  0.04258  
X4 * X4 1.371  0.04258  
X3 * X4 1.357  0.04396  
X2 0.483  0.32894  
X6 0.193  0.64098  
 
 
Removal of the insignificant factors negatively impacts the results by not only 
increasing the remaining factors P-values, but also decreasing the overall R2 values, 
however, it also increases the F ratio, which is very important. Table 9 shows the summary 
of fit for the regression analysis both before and after insignificant factors were removed, 
along with a comparison between the two. 
With all results considered, the analyzed factors covered approximately 67.41% of 
total influence on fatigue, 50.11% of total influence on frictional stress, and 82.16% of 
total influence on shear stress. When the insignificant factors were removed, the total 
influence dropped approximately 14%, 13%, and 9%, respectively. This means that after 
removing the insignificant factors, 53.67% of the factors affecting fatigue, 36.86% of the 
factors affecting frictional stress, and 73.27% of the factors affecting shear stress were 
covered in this study. 
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The F-ratio for all factors considered was found to 1.38, 0.67, and 3.07 for fatigue, 
frictional stress, and shear stress, respectively. Only considering significant factors, the 
values increased approximately 68% for fatigue, 74% for frictional stress, and 79% for 
shear stress. This dramatic improvement means there is now a more distinguishable cause-
and-effect relationship identified for the remaining factors. 
 
 
Table 9. Summary of fit 
Factor Fatigue 
Frictional 
Stress 
Shear Stress 
R2 (all results) 0.6741 0.5011 0.8216 
R2 (significant results) 0.5367 0.3686 0.7327 
Difference .14 .13 .09 
RMSE (all results) 795104 879793.8 24299047 
RMSE (significant results) 734224.3 766674 23037168 
Percent Change (%) 7.66 12.86 5.19 
F ratio (all results) 1.3786 0.6696 3.0697 
F ratio (significant results) 2.3173 1.1673 5.4824 
Percent Increase (%) 68.09 74.33 78.60 
 
Figure 3 shown below, provides a very useful visual representation of the 
importance in removing insignificant factors. The 95% confidence interval established in 
the following plots is represented by the red shaded area. The prediction line is represented 
by the solid red line, while the mean is represented by the solid blue line. The side-by-side 
comparison shows the improvement in the confidence interval for all three results.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 3. Actual vs Predicted Plots for: (a) fatigue, all factors, (b) fatigue, reduced factors, 
(c) shear stress, all factors, (d) shear stress, reduced factors, (e) frictional stress, all factors, 
and (f) frictional stress, reduced factors  
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3.3.3 Residual Plots and Response Surface  
The influence of each parameter can be inspected through a number of different 
ways. Below are three tables illustrating the significance of each of the six factors with 
respect to fatigue, frictional stress, and shear stress. These plots were generated using JMP 
software, however, the equation used to perform the necessary mean prediction line 
calculations has been provided below in equation 11. In these plots the predicted line is 
represented by a solid red line, indicating the influence of the related factor. For instance, 
in figure 4. (a) the red line has a negative slope, greater than any other plots in this table. 
This means there is a negative correlation between the first factor (HS) and the fatigue. The 
shaded red area defines the 95 percent confidence interval, while the solid blue line marks 
the mean. It should be noted that a confidence interval that entirely includes the mean value, 
or blue line, is deemed to be insignificant. For the results in the fatigue and frictional stress 
plots, none of the primary factors are classified as significant, however, for the shear stress 
plots the first and third factors (i.e. number of columns and bolt diameter) are found to be 
significant. The fourth are fifth factors (i.e. number of rows and pre-tension) are considered 
borderline between significant and insignificant as the limit asymptotically approaches the 
mean. These claims of significance can be verified with the P-Values in Table 7 and 8 
above. 
 
?̂? = ?̂?0 + ∑ ?̂?𝑖𝑋𝑖
𝑘
𝑖=1 + ∑ ?̂?𝑖𝑖𝑋𝑖
2𝑘
𝑖=1 + ∑ ∑ ?̂?𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑗>𝑖
𝑘−1
𝑖=1 + 𝜀  (11) 
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Equation 12 is a sample of equation 11 that has been input with the predicted 
estimates generated in the regression analysis. This equation was used in the plots (solid 
red line) in Figures 4, 5, and 6. 
 
 (12) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 4. Leverage Residual Plots for fatigue vs: (a) Number of Columns, (b) Vertical 
Spacing, (c) Bolt Diameter, (d) Number of Rows, (e) Pre-Tension, and (f) Modulus of 
Elasticity  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 5. Leverage Residual Plots for Frictional Stress vs: (a) Number of Columns, (b) 
Vertical Spacing, (c) Bolt Diameter, (d) Number of Rows, (e) Pre-Tension, and (f) Modulus 
of Elasticity  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 6. Leverage Residual Plots for Shear Stress vs: (a) Number of Columns, (b) Vertical 
Spacing, (c) Bolt Diameter, (d) Number of Rows, (e) Pre-Tension, and (f) Modulus of 
Elasticity  
 
 
 
 
76 
 
 
 
The response surface plots apply the relationship of one additional factor to the 
residual plots in figures 4, 5, and 6. Using equation 11 to create the 3D surface involved 
plotting one factor on the x-axis, a separate factor on the y-axis, and the predicted result on 
the z-axis. The plots demonstrate the relationship multiple factors have on each desired 
result. Appendix A contains plots of every possible two-factor combination, against each 
of the three results, totaling in 45 surface plots. Figure 7 shows the relationship between 
factors X1 and X2 against the three different results. A contoured color spectrum was 
generated to diverge from green to black to red as the predicted result increases in value. 
For instance, the lighter the green the lower the result value, while the lighter the red, the 
higher the result value. It should be noted that the interaction plots in the desirability section 
follow the curvature of the response surfaces in a two-dimensional field. 
 
 
(a) 
 
(b) 
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(c) 
Figure 7. Response surface profile for X1 * X2: (a) Fatigue Life, (b) Frictional Stress, and 
(c) Shear Stress 
3.3.4 Desirability Optimization 
The predicted results generated from the CCD have been presented, however, to 
achieve an optimized bolted connection, these results must be properly interpreted. JMP 
software provides a desirability function that simultaneously applies the relationship 
between all six factors to predict each of the three results. This means that changing a single 
factor will not only adjust the three results, but will change the influence path of all the 
other factors accordingly. Figure 8 is an illustration of the desirability function, with a total 
of four rows and seven columns.  
The desirability tool requires a response goal to be defined, and allows for three 
different options: a maximum, a minimum, and a match value. The maximum option 
attempts to yield the highest possible value, the minimum option attempts to yield the 
lowest possible value, and the match value attempts to yield the exact value requested. This 
study performs three different runs attempting to yield not only the optimal results, but also 
the most economic. Table 10 has been generated to illustrate the three different runs 
analyzed in this study. The desired fatigue for all three runs was set to a maximum, as this 
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was the critical issue. The frictional stress was set to a minimum for run 1, a match value 
of 0 for run 2, and a match value of 1.374 x106 for run 3. The shear stress was set to a 
minimum for run 1, a match value of 0 for run 2, and a match value of 6.625x106 for run 
3. The match values from run 3 were identical to the stresses experienced in the previously 
analyzed shear key model.  
Table 10. Desirability Response Goals  
Factor Fatigue Frictional Stress Shear Stress 
Run 1 Maximum Minimum Minimum 
Run 2 Maximum Match = 0 Match = 0 
Run 3 Maximum Match = 1.374x106 Pa Match = 6.625x106 Pa 
 
Table 11 describes the results generated from the desirability optimization defined 
by run 1 in Table 10. The predicted factor values are output in the range of -1 to +1, and 
therefore were converted to the corresponding values defined by the ranges presented in 
Table 6. The results obtained were in direct agreement with the desired response goals 
(maximum, minimum, and minimum). JMP software defines the overall desirability 
success based on a scale of 0 to 1; this run received a value of 0.997634, indicating a 
prominent level of desirability was achieved. 
Table 11. Desirability for Run 1 
Factor Predicted Value Approximate Factor Value 
Number of Columns 0.0037959 7 columns 
Vertical Spacing 1 0.5 meters 
Bolt Diameter 1 0.072 meters 
Number of Rows 0.4747543 11 rows 
Pre-Tension 0.3000467 120,250 N  
Modulus of Elasticity -0.008975 207,500 Pa 
Fatigue 3.20x106 - 
Frictional Stress -6.03x105 - 
Shear Stress -1.41x107 - 
Note: ‘-‘ means not applicable 
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Figure 8. Desirability and interaction plots for run 1 
 
Table 12 shows the results for run 2, which yielded a slight improvement over run 
1. The fatigue life experienced a slight decrease, however, it is well over the required 
criteria of 2.2x106 cycles, so this decrease is negligible. With the fatigue life criteria met 
and an extremely accurate desirability value of 0.999707, the optimization is primarily 
dependent on X1 (number of columns) and X2 (number of rows) as both factors would 
substantially increase the cost of installation (increased overall number of bolts to install). 
Run 2 compared to run 1 reduced the number of columns from 7 to 6, and the number of 
rows from 11 to 10, which ultimately reduced the number of bolts to be installed by a total 
of 17 for the half model, or 34 for a real monopile OWT application. 
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Table 12. Desirability for Run 2 
Factor Predicted Value Approximate Factor Value 
Number of Columns -0.4528 6 Columns 
Vertical Spacing -1 0.25 meters 
Bolt Diameter -1 0.036 meters 
Number of Rows 0.0618685 10 Rows 
Pre-Tension 0.20481 111,445 N 
Modulus of Elasticity -0.008105 207,500 Pa 
Fatigue 3.18x106 cycles - 
Frictional Stress 2.71x103 Pa - 
Shear Stress 1.95x105 Pa - 
Note: ‘-‘ means not applicable 
 
 
Figure 9. Desirability and interaction plots for run 2 
 
 
Table 13 presents the results from run 3, which shows substantial improvement 
over both run 1 and run 2. The fatigue life threshold has been exceeded, and the required 
number of bolts dropped an additional 20 bolts, from the previous best in run 2. The overall 
desirability value of 0.999026 for run 3 indicates the response goals were almost exactly 
achieved. 
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Table 13. Desirability for Run 3 
Factor Predicted Value Approximate Factor Value 
Number of Columns -1 5 Columns 
Vertical Spacing 0.8956896 0.4739 meters 
Bolt Diameter -1 0.036 meters 
Number of Rows -0.679333 8 Rows 
Pre-Tension -0.667158 30,788 N 
Modulus of Elasticity 0.066945 208,000 Pa 
Fatigue 2.57x106 - 
Frictional Stress 1.33x106 - 
Shear Stress 4.56x106 - 
Note: ‘-‘ means not applicable 
 
 
Figure 10. Desirability and interaction plots for run 3 
 
3.4 Conclusions 
The results in this study have proven the plain model with no shear keys or 
retrofitting is not capable of handling the fatigue loading conditions applied. An updated 
design produced by the DNV was followed to implement shear keys to the plain model. 
With the installed shear keys, the model withstood the fatigue loadings conditions for the 
duration of the entire required life of the grout material. The proposed retrofit bolted 
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connection was verified to achieve substantially increased structural capacity, however, 
minor fatigue failure of the grout still occurred. This was due to immense stresses 
centralized directly around the bolts, and not distributed throughout the entire grout 
material. 
A regression analysis was performed through CCD and analyzed with RSM and 
desirability functions.  A total of 6 factors were varied to create the CCD, totaling in 46 
simulations. Three results were recorded from each simulation: fatigue life, frictional 
stress, and shear stress. These results were then input into the JMP software to perform a 
regression analysis. Residual plots and response surface profiles were created to illustrate 
the effect each factor had on the results. 
The desirability function was then used on three different runs, with an attempt in 
obtaining the most optimal connection that still exceeded the required fatigue life. The first 
run produced the best fatigue life results, however, was over-designed, and therefore not 
economically optimal. The second run provided significant improvement in economic 
optimization in comparison to the first run, and at the expense of a negligible amount of 
fatigue life. A third run was performed to replicate the exact same stresses experienced in 
the shear key model. The results from this run were significantly improved over the 
previous two runs in an economic aspect, and still exceeded the required fatigue life. Thus, 
the design factors for run 3 have been determined to be the most optimized, and best suited 
for future work. 
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All the possible factors that affect the fatigue life, frictional stress, and shear stress 
of the grout material do not aid in design of this particular bolted connection, and therefore 
are not necessary for valid results to be achieved in this study.  
3.5 Future work 
One arguable issue with a statistical analysis is the fit of the data, and the percent 
influence analyzed in the study. This study was not focused on analyzing all the factors 
that affect the fatigue life of the grout, but instead to analyze a particular model, with a 
variation in the retrofit connection. Changing the geometric parameters of the monopile 
OWT will have a significant effect on the results, however, this would require a 
significantly more intense study to verify each OWT. 
It is suggested that future work may change a single geometric parameter of the 
monopile OWT (e.g. grout thickness, monopile thickness, transition piece thickness, length 
of grouted connection, and grout material) and then perform a similar analysis as completed 
in this study.  An ultimate comparison between the two studies would be significantly 
beneficial in identifying the change in effects of each factor due to the change in monopile 
geometry. 
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Appendix  
Appendix A 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 1. Response surface profile for fatigue versus: (a) HS by VS, (b) HS by BD, (c) HS 
by #Rows, (d) HS by PT, (e) HS by E, and (f) VS by BD  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 2. Response surface profile for fatigue versus: (a) VS by #Rows, (b) VS by PT, (c) 
VS by E, (d) BD by #Rows, (e) BD by PT, and (f) BD by E 
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(a) 
 
(b) 
 
(c) 
Figure 3. Response surface profile for fatigue versus: (a) #Rows by PT, (b) #Rows by E, 
and (c) PT by E 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 4. Response surface profile for frictional stress versus: (a) HS by VS, (b) HS by 
BD, (c) HS by #Rows, (d) HS by PT, (e) HS by E, and (f) VS by BD 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 5. Response surface profile for frictional stress versus: (a) VS by #Rows, (b) VS 
by PT, (c) VS by E, (d) BD by #Rows, (e) BD by PT, and (f) BD by E 
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(a) 
 
(b) 
 
(c) 
Figure 6. Response surface profile for frictional stress versus: (a) #Rows by PT, (b) #Rows 
by E, and (c) PT by E 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 7. Response surface profile for shear stress versus: (a) HS by VS, (b) HS by BD, 
(c) HS by #Rows, (d) HS by PT, (e) HS by E, and (f) VS by BD 
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(a) 
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(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 8. Response surface profile for shear stress versus: (a) VS by #Rows, (b) VS by PT, 
(c) VS by E, (d) BD by #Rows, (e) BD by PT, and (f) BD by E 
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(a) 
 
(b) 
 
(c) 
Figure 9. Response surface profile for shear stress versus: (a) #Rows by PT, (b) #Rows by 
E, and (c) PT by E 
 
